Introduction
Endometrial carcinoma, a common type of gynecological cancer, is a relatively indolent tumour that is usually difficult to detect at an early stage. Meanwhile, type II endometrial carcinoma is often characterized by negative expression of estrogen receptors, a high degree of malignancy, poor differentiation, and unsatisfactory treatment outcome with chemotherapy, which pose severe threats to women's physical health. [1] [2] [3] [4] Previously, we reported that in the type II endometrial carcinoma cell lines KLE and ANCA3, the CD44+/CD133+ cell subset exhibited potential cancer stem cell properties, including rapid self-proliferation, invasiveness, drug resistance, and high tumorigenicity. [1] [2] [3] [4] We also confirmed that the differential expression of the DLK1-DIO3 Genomic Imprinted MicroRNA Cluster is closely related to the degree of malignancy of CD44 +/CD133+ HuECSCs. 2, 5 Thus, some tumour inhibitmicroRNAs could suppress the proliferation and invasion of HuECSCs, which have a significant negative regulatory effect. And these microRNAs are potential and novel targets for HuECSCs treatment drug development. Magnetic nanomaterials have particle sizes between 0 and 100 nm and are composed of iron, cobalt, nickel, and their alloys, and can produce magnetism directly or indirectly. [6] [7] [8] Among this array of magnetic nanoparticles, iron oxide nanoparticles have been widely studied because of their high saturation magnetization values, low toxicity, readily available raw materials, and high surface reactivity. [6] [7] [8] In recent years, the use of iron oxide nanoparticles as gene carriers has received increasing attention. Magnetic nanoparticles with sizes less than 20 nm often exhibit superparamagnetism. Superparamagnetic iron oxide nanoparticles (SPIONs) are currently a hot topic in gene carrier research because they possess controllable features, and are stable and easily modified. [6] [7] [8] Upon binding to plasmid DNA and short interfering RNA (siRNA), SPIONs can deliver the bound nucleic acids into mammalian cells under the influence of an external magnetic field. The internal and external barriers of cells are overcome via magnetic adsorption, which helps to increase local DNA concentrations and improve the transfection efficiency. [6] [7] [8] Studies have demonstrated that modifying the SPION surface with cationic liposomes or cationic polymers, such as polyethyleneimine, dendrimers, glucose, and chitosan, further enhances the interactions between the nanomaterials and nucleic acids to be transfected, which improves the transfection efficiency. [6] [7] [8] Previously, we confirmed that SPIONs bind effectively to microRNAs or siRNAs to mediate their expression in cells, in which they either inhibit tumour cell proliferation and invasion, or promote stem cell differentiation efficiency. [6] [7] [8] According to above evidences, we speculated that some microRNAs could negatively regulate the growth of endometrial cancer stem cells. If SPIONs were used as a carrier, could it realize the loading and transporting of tumour suppressor microRNAs in endometrial cancer stem cells? In the present study, we used SPIONs to mediate the efficient expression of microRNA-326 (miR-326@SPION) in CD44+/CD133+ HuECSCs and found that they inhibited the growth of HuECSCs by suppressing the expression of members of the G-protein coupled receptor 91 (GPR91)/signal transducer and activator of transcription 3 (STAT3)/vascular endothelial growth factor (VEGF) pathway.
Materials and methods

Isolating CD44+/CD133+ HuECSCs
Endometrial carcinoma tissues were collected from the International Peace Maternity and Child Health Hospital (Shanghai, China) between May 2017 and Dec 2017 (Table 1) . CD44+/CD133+ cell subpopulations were isolated from tumour samples as previously described. 
Bioinformatic analysis
Sequence alignment, using bioinformatics analysis software (TargetScan Release 7.2 -Prediction of microRNA targets tools, http://www.targetscan.org), identified a complementary binding site for mature miR-326 in the 3'UTR (+121 bp to +127 bp) of GPR91 (SUCNR1) mRNA.
Luciferase reporter assay
All cells were seeded at 30,000 cells/well in 24-well cell culture plates. Using Lipofectamine 2000 Reagent, 400 ng of pcDNA-miR-326, pcDNA-miR-mut, or pcDNA, and 20 ng of pGL6-GPR91-3UTR, or pGL6-GPR91-mut, or pGL6 was transfected into each group of cells, separately. At 48 h after transfection, the luciferase activity in each group of cells was examined using a dual-luciferase reporter assay system (Promega). All plasmid DNA was puchased from NOVOBIO (NOVOBIO Biotechnology Co., Ltd., Shanghai, China).
SPION-induced microRNA transfection into cells
SPIONs were purchased from NOVOBIO (NOVOBIO Biotechnology Co., Ltd., Shanghai, China 
RNA extraction and reverse transcription
RNA extraction was performed according to the manufacturer's protocol of the RNAprep pure Tissue Kit (TIANGEN Biotech (Beijing) Co., Ltd. China). Briefly, approximately 20 mg of human tissue samples was obtained and mixed with 800 μL of lysate for homogenization. The supernatants were collected and added to 200 μL of chloroform. The samples were mixed by inversion and then subjected to centrifugation at 13,400× g for 15 min at 4°C, after which the supernatants were collected. Absolute ethanol at 2 times the volume of supernatants was added. After mixing by inversion, the mixture was centrifuged at 13,400× g for 30 min at 4°C. The RNA pellets were resuspended in 500 μL of 75% ethanol and then centrifuged at 13,400× g for 5 min at 4°C. The excess liquid was removed, and the pellets were completely dissolved in 300 μL of DEPC water. One microliter of RNA solution was used to measure the OD260/OD280 values (generally maintained between 1.8 and 2.0) and to verify the purity and total concentration of the RNA.
Reverse transcription was performed according to the manufacturer's protocol of the miRcute miRNA Firststrand cDNA kit (TIANGEN Biotech). Briefly, 20 μL of total RNA (100 ng/μL) was mixed with 25 μL of 2× miRNA RT Reaction Buffer, 4 μL of 1× miRNA RT Enzyme Mix, and 6 μL of RNase-free deionized water.
The following reaction was performed in a PCR machine: 42°C for 60 min for poly(A) tailing and reverse transcription of miRNA; followed by 95°C for 3 min for enzyme inactivation.
Quantitative real-time PCR 
Western blotting
Western blotting was performed as previously described.
2,9,10 Briefly, total protein from each group of cells was subjected to SDS-PAGE on a 12% denaturing gel. Afterwards, the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore). After blocking and washing the membrane, primary antibodies 9 were added and the membrane was incubated at 37°C for 15 min. After extensive washing, secondary antibodies were added and incubated at 37°C for 45 min. The membrane was subjected to four 14 min washes with Tris-buffered saline-Tween 20 (TBST) at room temperature. The membrane was then developed using an enhanced chemiluminescence (ECL) kit (Pierce Biotechnology) and exposed to X-ray film (SigmaAldrich Chemical) for visualization. The gray levels of western blotting protein band were quantified by using ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA 
Propidium iodide staining and flow cytometry
Propidium iodide (PI) staining and flow cytometry were performed as previously described. 2 Briefly, 5×10 5 cells/ ml were harvested and fixed in 1 mL of ice-cold 70% ethanol for 48 h. The cells were centrifuged at 1500 r/ min for 5 min at 4°C. The cell pellets were collected, treated with PI staining solution (Sigma Chemicals), and incubated in the dark at 4°C for 30 min. A flow cytometer (BD FACSAria) was used to determine the cell cycle distribution of each group of cells, and data analyses were performed using the CellQuest software. 2 
Hematoxylin and eosin staining
Tissue samples were fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin. The paraffin-embedded tissues were cut into 4-μm sections using a microtome, and the sections were affixed onto glass slides. Subsequently, the sections were dewaxed using xylene and subjected to dehydration in an ethanol gradient. The sections were stained with hematoxylin (H) for 5 min at room temperature, and then 1% ethanol was added for 30 s for differentiation. Afterwards, aqueous ammonia was added forfor 2 min for clearing. Finally, the sections were sealed and mounted with neutral resin.
Immunofluorescence staining
Briefly, fresh tissues were immersed in 4% paraformaldehyde (Sigma-Aldrich) for fixation at room temperature for 30 min. The tissues were then dehydrated in an ethanol gradient, embedded in paraffin, sectioned (thickness: 6 μm), and immersed in xylene for dewaxing. Tissue sections were blocked with immunohistochemical blocking solution (Beyotime Biotechnology Co., Ltd., Zhejiang, China) at 37°C for 30 min. The blocking solution was then discarded, and the sections were washed three times at room temperature for 5 min each with immunohistochemical washing solution (Beyotime Biotechnology). Then, primary antibodies were added and incubated at 37°C for 45 min. After incubation, the antibody solution was discarded, and the sections were washed three times at room temperature for 5 min each with immunohistochemical washing solution (Beyotime Biotechnology). Then, secondary antibodies were added and the tissues were incubated at 37°C for 45 min. After incubation, the antibody solution was discarded, and the sections were washed three times at room temperature for 5 min each with immunohistochemical washing solution (Beyotime Biotechnology). Finally, immunofluorescence blocking solution (Sigma-Aldrich) was added, and the sections were mounted.
Northern blotting
Northern blotting was performed as previously described. 2, 10 Briefly, total RNA was extracted from all groups of cells using a Trizol kit. Following quantification, 20 μg of high-quality total RNA was subjected to gel electrophoresis on a 7.5 M urea-12% formaldehyde (PAA) denaturing gel. Afterwards, the RNA was transferred to a Hybond N+ nylon membrane (Amersham, Freiburg, Germany). The membrane was cross-linked under 1200 mjoule/cm 2 of UV for 30 s. An antisense DNA probe against miR-326 was used for hybridization to detect the expression status of miR-326 (5'-GGAGACCCGGGAAGGAGGTC-3'). After hybridization and washing, the membrane was exposed to Kodak XAR-5 films (Sigma-Aldrich Chemical) for 20-40 h. As a positive control, the human U6 snRNA probe (5′-GCAGGGGCCATGCTAATCTTCTCTGTATCG-3′) was used for hybridization in all membranes. The exposure time for the U6 snRNA probe was maintained between 15 and 30 min. 2, 10 The gray levels of Northern blotting hybridization bands were quantified by using ImageJ software. To determine relative levels of hybridisation signal, the formula was used as follows: Target hybridisation signal gray value/U6 snRNA gray value. The hybridisation signal levels were calibrated based on levels of U6 snRNA.
Transwell assay
Briefly, 200 μL of serum-free cell culture medium containing 2000 cells/mL were seeded into the upper chambers of Transwell plates with pore sizes of 8.0 μm. Then, 600 μL of complete medium containing 10% FBS was added to the lower chambers of the Transwell plates. The cells were cultured at 37°C for 48 h in an atmosphere of 5% CO 2 .
The cells adhering to the membrane surface were fixed with 4% paraformaldehyde at room temperature for 30 min and were then stained with 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich Chemical) for 10 min. The total number of cells was calculated by counting the number of cells in three non-overlapping fields under a microscope.
In vivo xenograft experiments
In vivo xenograft experiments were performed as previously described. 2 Briefly, after transfection with plasmids, 1×10 5 cells/mL from each group at logarithmic growth phase were harvested and inoculated subcutaneously into BALB/C nu/nu mice. Each group comprised six mice (6-8-week-old female BALB/C nu/nu mice were provided by the Experimental Animal Centre of Fudan University). After 10 weeks of monitoring, the mice were sacrificed, and the tumours were removed. The tumours were weighed, and the volumes were calculated using the following formula: Tumour volume (mm 
Statistical analysis
Each experiment was performed as least three times; data are presented as mean ± the standard error (SE) where applicable. Differences were evaluated using Student's t-tests. P-values <0.05 were considered statistically significant.
Results
GPR91 is a specific target of miR-326
The GPR91/STAT3/VEGF signaling pathway plays an important role in tumour proliferation; therefore, we evaluated the expression of key molecules in this signaling pathway in normal endometrium and endometrial carcinoma tissues. The results from qPCR and western blotting demonstrated that the mRNA and protein expression levels of GPR91, STAT3, mitogen-activated protein kinase P38 alpha (p38MAPK; also known as mitogen-activated protein kinase 14 (MAPK14)), vascular endothelial growth factor receptor 2 (VEGFR2, also known as kinase insert domain receptor (KDR)), and VEGF were significantly higher in endometrial carcinoma tissues than in the normal endometrium ( Figure 1A and B) . Bioinformatic analysis showed perfect complementary pairing between the mature miR-326 and seven bases of a specific site on GPR91 (SUCNR1) (+121 bp to +127 bp), suggesting that GPR91 could be one of the targets of miR-326 ( Figure 1C ). In addition, comparisons of the genomes revealed that the target of miR-326 was highly conserved, and the sequence was "CCCAGAG" in both rodents and mammals ( Figure 1C) . Subsequently, luciferase reporter assays showed that the overexpression of wild-type (WT) miR-326 in cells significantly reduced the activity of luciferase in the construct carrying WT GPR91, while the luciferase activity in the remaining combinations was not affected ( Figure 1D ). Northern blotting results showed that the hybridization signal of miR-326 was significantly lower in endometrial carcinoma tissues compared with that in normal tissues ( Figure 1E ). Meanwhile, qPCR results also showed that expression level of miR-326 was significantly lower in endometrial carcinoma tissues than in normal tissues ( Figure 1F ). These results indicated that the GPR91/ STAT3/VEGF signaling pathway is significantly activated in endometrial carcinoma tissues; in addition, GPR91 is a specific target of miR-326.
SPIONs can accumulate in HuECSCs
Analyses showed that the size of the SPION core was between 2 and 14 nm, and its hysteresis loop exhibited a symmetrical distribution (Figure 2A-C) . When the SPION surface was modified with polyethyleneimine (PEI), it could bind efficiently with the miR-326-expressing plasmid to form a "nucleic acid-nanoparticle" complex ( Figure 2D ). When the SPION surface was loaded with large quantities of plasmid DNA, the hydrodynamic size of the SPIONs increased significantly (48.0 nm before loading; 161.5 nm after loading). Plasmid DNA is negatively charged; therefore, the zeta potential was also reduced significantly after adsorption (+30.5 mV before loading; +26.3 mV after loading). Nonetheless, a relatively strong positive charge was maintained; thus, the nanoparticles still displayed good stability and no coagulation occurred. CD44 +/CD133+ HuECSCs were isolated from primary endometrial carcinoma cells via flow cytometry and cultured in suspension ( Figure 2E ). Then, SPIONs were added to the culture medium of the HuECSCs. Transmission electron microscopy revealed that large quantities of dense electron clouds were aggregated in microvesicles within the cytoplasm of HuECSCs, which were presumed to be SPIONs ( Figure 2E ). These data demonstrated that SPIONs could accumulate in HuECSCs.
mir-326@SPION significantly inhibits the proliferation, invasion, and angiogenesis of HuECSCs
We examined the effects of miR-326@SPION on the growth of HuECSCs in vitro. The results from the MTT assays showed that the rate of inhibition of HuECSCs proliferation gradually increased in the miR-326@SPION group 2 days after SPION transfection and was significantly higher than that in the miR-mut@SPION group (control group). In addition, the inhibition of cell proliferation was significantly timedependent ( Figure 3A) . The results of flow cytometry showed that at 3 days after SPION transfection, the proportion of HuECSCs in the G0/G1 phase was significantly higher in the miR-326@SPION group than that in the control group, whereas the proportion of cells in the S phase was significantly lower than that in the control group ( Figure 3B ). This suggested that the cell cycle of HuECSCs in the miR-326@SPION group was significantly blocked in the G0/G1 phase. Meanwhile, the Transwell chamber cell invasion assay showed that the number of migrated HuECSCs was significantly lower in the miR-326@SPION group than in the control group at 3 days after SPION transfection ( Figure 3C ). Furthermore, when human umbilical vein endothelial cells (HUVECs) were transfected with miR-326@SPION, their ability to migrate and form capillaries in the extracellular matrix were significantly reduced compared with that of cells in the miR-mut@SPION transfection group ( Figure  3D ). These results showed that miR-326@SPION significantly inhibits the proliferation, invasion, and angiogenesis of HuECSCs in vitro.
Subsequently, we inoculated both groups of cells (miR-326@SPION and miR-mut@SPION) onto the back of nude mice. The nude mice were sacrificed at around week 10. All the nude mice that were inoculated with miR-mut@SPION-HuECSCs developed relatively large tumours on their backs. The nude mice inoculated with miR-326@SPION-HuECSCs also developed tumours on their backs; however, the tumours were significantly smaller in terms of both size and weight compared with those in the control group (Figure 4A and C) . presence of metallic materials ( Figure 4B ). Subsequently, the tumour tissues were isolated. Transmission electron microscopy revealed the presence of high-density electron clouds resulting from the aggregation of circular particles in the xenograft tumours derived from both cell groups, suggesting the presence of metallic nanoparticles ( Figure 4D ). Lastly, pathological examination of the tumour sections via H&E staining showed that the tumours derived from both groups of cells displayed the pathological features of type II endometrial carcinoma ( Figure 4E ). Immunohistochemical staining results indicated that the percentage of Ki67-positive cells in tumours derived from miR-326@SPION-HuECSCs was significantly lower than in those derived from miR-mut @SPION-HuECSCs ( Figure 4F ). These results indicated that miR-326@SPION significantly inhibits the tumorigenicity of HuECSCs in nude mice.
mir-326@SPION significantly inhibits the expression of the GPR91/STAT3/VEGF signaling pathway
The results of qPCR showed that the mRNA expression levels of GPR91, STAT3, p38MAPK (MAPK14), VEGFR2 (KDR), and VEGF were significantly lower in HuECSCs transfected with miR-326@SPION compared with those in the control group ( Figure 5A) western blotting analysis also showed that the protein levels of GPR91, STAT3, p38MAPK, VEGFR2, and VEGF were significantly lower in HuECSCs transfected with miR-326@SPION compared with those in the control group ( Figure 5B) . Meanwhile, the levels of the phosphorylated products of STAT3, and p38MAPK, ie, p-STAT3, and p-p38MAPK were also significantly lower compared with those in the HuECSCs transfected with miR-mut@SPION ( Figure 5B ). Furthermore, immunofluorescence staining was performed on the xenograft tumour tissues of nude mice. The results showed that expression of proteins of the GPR91/STAT3/VEGF signaling pathway was significantly lower in tumours derived from miR-326@SPION-HuECSCs compared with that derived from miR-mut@SPION-HuECSCs ( Figure 5C ). In addition, the expression of VEGFR2 was also significantly reduced, suggesting that miR-326@SPION significantly inhibited angiogenesis in endometrial carcinoma tissues. These results suggested that miR-326@SPION could significantly inhibit the expression of members of the GPR91/STAT3/VEGF signaling pathway in HuECSCs.
Discussion
Previously, studies from our group confirmed the presence of a subset of cancer stem cells in endometrial carcinoma tissues, and preliminarily identified certain microRNAs that may affect the growth and tumorigenicity of this group of cells. [1] [2] [3] 10 However, the growth of tumour cells is substantially different from that of normal cells, particularly in terms of energy metabolism and angiogenesis. 1 Tumour cells are often in a highly active state of metabolism and angiogenesis. Therefore, blocking these abnormal biological behaviors may significantly inhibit tumour growth. During our investigation of the processes of vascular ageing and formation, we noted that intervention with oxidized low-density lipoprotein in apolipoprotein E (ApoE) −/-mice could inhibit the expression of the GPR91/STAT3/VEGF pathway through the activation of miR-758, which promoted the ageing of vascular endothelial cells and inhibited angiogenesis. 9 The results of that study provided us with new insights into the targets and pathways for suppressing endometrial carcinoma stem cells. GPR91 is also known as succinate receptor 1. GPR91 is expressed in various tissues and organs, such as the retina, heart, liver, kidney, white adipose tissue, and dendritic cells derived from human monocytes. [11] [12] [13] [14] [15] [16] [17] Succinate is a direct ligand for GPR91. [17] [18] [19] It is also an intermediate metabolite of the Krebs cycle and is essential for the synthesis of adenosine triphosphate in mitochondria and for several metabolic pathways. [11] [12] [13] [14] [15] [16] [17] In addition to its key role in energy metabolism, succinate can also serve as a signaling molecule through binding to and activating its specific receptor. [11] [12] [13] [14] [15] [16] [17] The activation of GPR91 induced by local extracellular succinate can inhibit the degradation of white adipose tissue, mediate retinal angiogenesis, increase renin release in the glomerular endothelium, promote the secretion of proinflammatory cytokines from dendritic cells to activate T helper cells, and regulate liver fibrosis. Mu et al found that succinate upregulates the expression of vascular endothelial growth factor through a hypoxia inducible factor 1 subunit alpha (HIF-1α)-independent mechanism, which in turn activates STAT3 and extracellular regulated kinase 1/2. 12 Agiar et al reported that succinate may cause cardiac hypertrophy in a CuSnR1-dependent manner, and that serum levels of succinate are significantly elevated in patients with cardiac hypertrophy associated with acute and chronic ischemic diseases. 15 In addition, the activation of GPR91 triggers the phosphorylation of extracellular regulated kinase 1/ 2, the expression of calcium/calmodulin-dependent protein kinase IIδ, and the cytoplasmic translocation of histone deacetylase 5, all of which are signaling events associated with hypertrophy. [11] [12] [13] [14] [15] [16] [17] In cases of limited blood supply, such as that in ischemia, succinate can be produced through an alternate route other than the Krebs cycle, and the blood concentration of succinate may increase. [11] [12] [13] [14] [15] [16] [17] Taken together, it has been demonstrated that succinate-mediated activation of the GPR91/ STAT3/VEGF signaling pathway has great significance in the development of pathological damage in cardiovascular diseases. However, there is no report on its effects on the regulation of tumour cells. [1] [2] [3] 10 On the present study, we identified a microRNA, miR-326, which could bind to the specific site in the 3′ UTR of GPR91 mRNA, leading to the targeted silencing of GPR91 expression. Through various molecular biology techniques, we showed that miR-326 was expressed at low levels in endometrial carcinoma tissues but at high levels in normal tissues, suggesting that this microRNA was likely to be a tumour suppressor. We also found that the expression pattern of the GPR91/STAT3/VEGF signaling pathway was opposite to that of miR-326, suggesting that the microRNA could potentially have a negative regulatory effect on this pathway. We chose a special nanoparticle, SPION, to verify our hypothesis. Our previous studies demonstrated that SPIONs could effectively deliver siRNAs or microRNAs into cells to achieve the efficient expression of these molecules. [6] [7] [8] Therefore, we constructed the miR-326@SPION conjugate and transfected it to endometrial carcinoma stem cells. In vitro and in vivo experiments showed that the overexpression of miR-326 significantly attenuated the proliferation, division, invasion, and tumorigenicity of HuECSCs. At the same time, the number of nascent blood vessels in the tumours developed in the nude mice was also markedly reduced. This series of experiments confirmed that miR-326@SPIONs could significantly inhibit the growth of HuECSCs in vitro and in vivo. Next, we further analyzed the underlying mechanism. Through the use of molecular biology techniques, we found that the overexpression of miR-326 significantly reduced the expression of members of the GPR91/STAT3/VEGF pathway in HuECSCs, and concurrently reduced the activity (level of phosphorylation) of key molecules in this pathway. Based on the results from previous studies, activation of the GPR91/STAT3/ VEGF pathway always has positive effects on angiogenesis and cell proliferation. Our study indicated that when miR-326 significantly inhibited the expression of GPR91 and the activation of the GPR91/STAT3/VEGF pathway, it could also reduce the activity of cancer stem cells. Therefore, miR-326 and GPR91 are potential and important targets for the regulation of endometrial carcinoma ( Figure 5D ). [6] [7] [8] In summary, our study elucidates two key points. First, GPR91 is a potential target of miR-326, and GPR91/ STAT3/VEGF is its direct downstream pathway. Second, overexpression of miR-326 could significantly attenuate the activity of endometrial carcinoma stem cells by inhibiting the activation of the GPR91/STAT3/VEGF signaling pathway.
